The effect of sorbate on L-serine and L-histidine uptake in Salmonella typhimurium was studied at various pH levels, temperatures, and amino acid and sorbate concentrations. Low pH had an apparent synergistic effect on amino acid uptake inhibition caused by sorbate. The relationship between sorbate concentration and the amount of amino acid uptake inhibition was not linear. Compared with L-histidine, L-serine uptake was more sensitive to changes in pH, temperature, and sorbate concentration. Various degrees of amino acid uptake inhibition by sorbate may be related to differences between amino acid transport systems. The results of this study suggest that sorbate acts as a noncompetitive inhibitor of amino acid uptake in S. typhimurium.
philic weak acid which has been used successfully as a preservative in a wide variety of products for many years (18) . Although the antimicrobial efficacy of sorbate is greater against yeasts and molds, sorbate can retard or inhibit the germination of spores and the growth of vegetative cells of bacteria such as Salmonella typhimurium, Escherichia coli, Staphylococus aureus, Pseudomonas spp., Vibrio parahaemolyticus, and Bacillus spp. (18) .
Several studies have been done to elucidate the primary mode of action of sorbate. In general, two theories have been postulated to explain the inhibitory mechanism of sorbate. One of these mechanisms is carried out by the inhibition of one or more vital microbial enzymes (18) . The other mechanism is carried out by the inhibition of nutrient uptake (9) .
The inhibitory effects of sorbate vary; this is dependent on the pH of the medium, the concentration of sorbate, and the species of microorganism (14, 15, 18) . Inhibition of growth and nutrient uptake in microorganisms was increased by lowering the pH of the medium or by increasing the sorbate concentration (8, 14, 15, 17, 18) .
The objectives of this study were to examine the inhibition of amino acid uptake in Salmonella typhimurium 7136 by potassium sorbate at various pH levels, temperatures, and sorbate concentrations and the mechanism of inhibition of amino acid uptake by sorbate.
MATERIALS AND METHODS Growth. S. typhimurium 7136 was grown in medium E, a previously defined minimal medium (19) . Medium E contained the following (per liter of water): MgSO4-7H20, 0.2 g; citric acid, 20.0 g; K2HPO4, 10 g; NaNH4HPO4, 3.5 g. A sterilized glucose solution (20%) was added as a carbon source at a final concentration of 0.4%. The pH of the medium was 7.0.
Preparation of starved cell suspensions for uptake assays. After 12 h of growth at 37°C, the culture was diluted 100 times with medium E-C containing 0.4% glucose. Medium E-C was prepared by omitting the citric acid and magnesium sulfate from medium E. The pH was adjusted to 7.0 with HCl, and MgSO4 * 7H20 (0.2 mg/ml) was added just before inoculation (1, 2) . The culture was incubated at 37°C for 4 h * Corresponding author.
(ca. five generations) and harvested by centrifugation (16, 000 x g for 10 min). The cell pellet was then washed once with distilled water and suspended in starvation medium (medium E-C without glucose). The pH of starvation media for amino acid uptake assays were adjusted with 0.1 N HCl. The culture in the starvation medium was incubated at room temperature for 30 min before amino acid uptake analysis. The cell concentration of the starved cell suspensions used for the amino acid uptake assays ranged from 2.2 x 109 to 3.6 x 109 cells per ml. The number of cells per milliliter was converted to grams (dry weight) by using the following equation (3) and incubated at a predetermined temperature for 1 min before the uptake reaction was stopped by the addition of 3 ml of cold starvation medium. After the uptake reaction was stopped, the sample was filtered through 0.45-,um filters (25 mm diameter; HA; Millipore Corp., Bedford, Mass.) and washed 3 times with 3 ml of cold starvation medium. The filter was then air dried at room temperature for 24 h and placed in Econofluor scintillation cocktail (New England Nuclear Corp., Boston, Mass.), and the radioactivity was determined in a scintillation counter (LS 9000; Beckman Instruments Inc., Fullerton, Calif.).
For the amino acid uptake assay with sorbate, the potassium sorbate solution (one-tenth of the starved cell suspension volume) was added to the starved cell suspensions at the beginning of the starvation period. The starved cell suspension including potassium sorbate (110 ,ul) and the and the degree of amino acid uptake inhibition. This observation may be related to the saturation of transport sites on the cellular membrane and to the increase of micelle formation of the sorbate molecules with increasing sorbate concentration (17) . Amino acid uptake inhibition appeared higher at pH 5.0 than at pH 6.0 at low sorbate concentrations. However, the opposite was true at high sorbate 40 50
concentrations (Fig. 1, lines A sorbate was much greater at pH 5.0 than at pH 6.0 because of the effect of low pH alone on amino acid uptake and the was calculated effect of low pH on sorbate activity (Fig. 1, lines B , C, E, and absence of and F). The effect of pH and sorbate on L-serine uptake was hibition (to) = greater than that on L-histidine uptake (Fig. 1 ). Amino acid uptake assays in S. typhimurium at various amino acid concentrations, with and without sorbate, were performed. The double reciprocal plots of amino acid uptake as a function of amino acid concentration (Lineweaver-Burk plots) were drawn ( Fig. 2 and 3) . The Lineweaver-Burk plots for L-histidine uptake were nonlinear (Fig. 2) . These plots consisted of two straight lines having two distinctly different slopes. A similar type of Lineweaver-Burk plot was obtained for L-histidine uptake in S. typhimurium (1) . This result indicates that histidine was transported via two permeases. These permeases were identified as an aromatic and a specific histidine permease (1) .
The maximum amino acid uptake rate (Vmax) and the half-saturation constant (Ks) were calculated from the slopes and y-intercepts of the Lineweaver-Burk plots for L-histidine uptake (12) and L-serine uptake (7) ( Table 1 ). L-Serine uptake inhibition by 10 mM sorbate was 74%. However, inhibition of L-histidine uptake via specific histidine permease and aromatic permease were 56 and 35%, respectively, based on the Vmax values in Table 1 . This result also indicates that the L-serine transport was more sensitive to sorbate than was L-histidine transport.
The membrane transport kinetics can be determined by the relative value of the substrate-dependent and -independent inhibition constants (11) . Krupka has defined the substrate-dependent inhibition constant as "the ratio of the slopes of the Lineweaver-Burk plots with and without an inhibitor, respectively," and the substrate-independent inhibition constant as "the ratio of the y-intercepts of the Lineweaver-Burk plots with and without an inhibitor, respectively." Based on these constants, the possible membrane transport inhibition kinetics were tabulated (Table 2) by using the information from Krupka (11) . The calculated inhibition constants and observed inhibition kinetics for both amino acids are presented ( Table 3 ). The observed transport inhibition kinetics for both amino acids were mixed noncompetitive and uncompetitive (Table 3) .
The observed biological membrane transport inhibition kinetics do not always represent the inhibition mechanism (7, 11) . Therefore, mixed noncompetitive and uncompetitive inhibition kinetics for amino acid uptake inhibition suggested that sorbate was probably a noncompetitive inhibitor. This type of inhibition kinetics for these amino acids may be related to the assymetrical character of amino acid transport (7, 11) . Noncompetitive inhibition of amino acid transport by sorbate is not surprising because amino acid molecules and sorbate molecules are not similar with respect to their structures. The only resemblance between these molecules is the presence of a carboxyl group. However, the carboxyl Table based on the information from Krupka (11) . b Ratio of the slopes of Lineweaver-Burk plots in the presence and absence of an inhibitor, respectively (11) . ' Ratio of the y-intercepts of Lineweaver-Burk plots in the presence and absence of an inhibitor, respectively (11) .
group of the histidine molecule did not have any function in histidine transport (3, 16) . Thus, sorbate is probably not a competitive inhibitor of L-serine and L-histidine uptake. The noncompetitive inhibition of amino acid uptake by sorbate suggested that sorbate was not competing with amino acids for permeases, but it inhibited the amino acid uptake probably by affecting the transport ability of the permease itself.
The L-serine and L-histidine uptake with and without sorbate at various temperatures (Fig. 4) shows that amino acid uptake without sorbate varies as a function of temperature. The temperature dependency of amino acid uptake is related to the effect of temperature on amino acid permease (5, 13) and on the metabolic energy level of bacteria (1, 13) . Specifically, amino acid transport systems of bacteria lost their active transport characteristics at low temperatures (0 to 4°C), and uptake became facilitated diffusion (1, 13) . Amino acid uptake without sorbate at various temperatures was much greater above than below 20°C (Fig. 4) . This observation may be related to the substantial increase of the metabolic energy level above 20°C. The effect of temperature was greater on L-serine uptake compared with that of L-histidine. This result suggests that L-serine transport is Fig. 2 and 3) . b Ratio of the y-intercept of the Lineweaver-Burk plots in the presence and absence of sorbate, respectively ( Fig. 2 and 3) . (Fig. 4) . The inhibition of L-histidine and L-serine uptake at low temperatures suggests that sorbate has an effect on amino acid permnease since the metabolic energy level of the bacteria is very low. L-Serine and L-histidine uptake inhibition was greater above than below 20°C. The greater amino acid uptake inhibition above than below 20°C was probably because of the effect of sorbate both on the metabolic energy utilization of the amino acid transport system and on the amino acid permease. L-Histidine uptake inhibition compared with that of L-serine was low at various temperatures, especially below 20°C. This observation suggests that L-histidine uptake inhibition by sorbate is probably due to the effect of sorbate, mostly on the energy utilization of the L-histidine transport system and the little effect on the L-histidine permease.
The results of this study suggest the following: (i) The inhibitory effect of pH on amino acid transport, in the presence of sorbate, is two-fold: the inhibitory effect of pH alone and the effect of the pH on the inhibitory efficacy of sorbate. (ii) Sorbate is a noncompetitive inhibitor of amino acid transport. It inhibits amino acid uptake in S. typhimurium, probably by affecting both amino acid permeases and the metabolic energy utilization of amino acid transport systems. This result is consistent with the following observations: Kodicek postulated that the unsaturated fatty acids affect the active nutrient transport by incorporating themselves into the cell membrane and influencing the steric organization of the active membrane transport proteins (18) , and the active nutrient transport in bacteria is inhibited by sorbate by the prevention of metabolic energy utilization of active nutrient transport systems (8, 9, 17) . (iii) The effect of pH, temperature, and sorbate on amino acid uptake depends on the type of amino acid. For example, L-serine uptake in S. typhimurium was more sensitive to pH, temperature, and sorbate than was L-histidine uptake. This result is most probably related to the transport of the L-serine and L-histidine by two different active transport systems. L-Serine is transported via a shock-resistant permease, whereas L-histidine is transported via a shock-sensitive permease (4) . The major differences between these two amino acid transport systems are that the shock-resistant amino acid permeases (integral membrane proteins) are more sensitive to environmental factors than are the shock-sensitive amino acid permeases (periplasmic proteins) (4, 16) . The other difference is the driving force of the amino acid transport system. The shock-resistant transport system is driven by proton motive force. The shock-sensitive transport system is, however, driven by phosphate bond energy (4, 10) . In conclusion, the effect of pH, temperature, and sorbate on amino acid uptake varied, depending on the type of active transport system.
